Seven species of insectivorous bats were positively identified within a regional study area in the Simpson Desert in south-western Queensland. This paper describes habitat use by this bat assemblage and the degree to which presence of water, food availability and roosting potential impact on bat activity. Bats predominantly utilised water sources, rock outcrops, dune/swale areas near woodland, dry creek lines and coolibah woodland habitats. However, they rarely used open habitats (open plain and dune/swale), acacia scrub and gidgee woodland. The bats foraged most often over water and on calmer nights, when insects were more active. Although highly active over water in some areas, bats may survive in the Simpson Desert without access to permanent water. Food availability in terms of flying insect abundance and biomass did not appear to significantly determine the use of different habitats. However, activity over the entire study area was concentrated in areas with a higher roosting potential. Consequently both tree and cave roost sites may be a limiting resource, resulting in bat activity being restricted predominantly to oases in the Simpson Desert study area.
BATS successfully exploit arid areas throughout the world (Murray et al. 1999, Happold and Happold 1988) . Despite this, a search of worldwide literature on bats uncovered only little that addressed the ecology of bats in desert environments (e.g., O'Farrell and Bradley 1970; Fenton and Morris 1976; Happold and Happold 1988) . There are several factors that may influence the ability of bats to exploit arid environments. Roost sites and invertebrate prey are essential resources for insectivorous bats to complete life-cycle activities. The availability of free-standing water may also be a resource influencing success in arid environments. Happold and Happold (1988) suggested that bats might be restricted to oases and mesic habitats within desert regions, due to their roosting and foraging requirements. Alternatively, they may migrate to areas containing temporary resources, a strategy illustrated by several species of arid zone birds and mammals (Schodde 1982; Dickman et al. 1995) .
Deserts receive relatively low and variable rainfall, resulting in little free-standing water for long periods. The Australian arid and semi-arid regions have some of the most unpredictable climates in the world (Murray et al. 1999) . Rainfall is both temporally unreliable and patchy in space. Bats occupying arid areas are thought to obtain their necessary water from the insects in their diet and, like rodents, have specialised kidneys that produce concentrated urine (Fenton 1992; Murray et al. 1999) . Neuweiler (2000) recorded insectivorous bats surviving for 72 days without water in the hyper-arid Namib Desert, south-west Africa. While lack of consistent rainfall hinders drinking, it would also influence food resources. Many insects feed on plants, and vegetation production decreases with reduced rainfall (Rosenzweig 1968) . In semi-arid New South Wales (NSW), bat activity appears to be concentrated near water sources (Solly 2002; Velez 2002; A. Williams, pers. obs.) . These bats may be taking water directly by drinking or, alternatively, they may be attracted by increased insect activity at water sources.
Insectivorous bats make up almost 20% of native mammalian species in Australia (Strahan 1995) and arid and semi-arid areas cover more than 70% of the continental land area (James et al. 1999) . Considering this, relatively little research on arid and semi-arid zone bats has been published. As a consequence, the ecology of insectivorous bats in Australian desert regions is poorly known. However, studies by Lumsden and Bennett (1995) , Young and Ford (2000) , Solly (2002) and Velez (2002) have shown that bats do successfully occur in Australian arid and semi-arid environments, with general habitat preferences for woodland, riparian vegetation and water sources.
In this paper, we focus on habitat use by bats and the factors that may influence this in the Simpson Desert. Three specific aims are addressed: we 1) compare bat activity between different habitat types; 2) correlate bat activity with insect activity, weather conditions, vegetation density, the presence of water and rock outcrops; and 3) discuss habitat usage in terms of roost potential.
METHODS

Study area
The study area is situated on the north-eastern edge of the Simpson Desert in south-western Queensland, (23° 46' S; 138° 28' E) on 'Ethabuka', 'Carlo' and 'Cravens Peak' cattle stations (Fig. 1) . The Simpson Desert is classified as an extreme hot desert (Williams and Calaby 1985) with a mean annual temperature of 21 -23°C, maxima of 46 -49°C in summer and a minimum of -6°C in winter . A pronounced wet season occurs from December through to March in the northern part of the desert . Weather stations from the region have recorded long-term annual rainfall averages of 172 -203 mm . During 2000, when this study was carried out, total rainfall at the southern end of the study area was 465 mm, well above the annual average. The geology is dominated by long parallel red sand dunes 8 -10 m high and approximately 0.5 -1 km apart that run in a NNW direction . Six major habitat types were identified in the study area: i) Dune / swale. The dunes are dominated by spinifex (Triodia basedowii) and grevilleas (Grevillea stenobotrya, G. striata and G. juncifolia) ii) Ephemeral river systems. These may contain water temporarily after rain. The dominant trees are coolibah (Eucalyptus microtheca) and western bloodwood (E. terminalis). iii) Artificial and natural water sources. These include dams, cattle bores and natural springs converted to resemble cattle bores. iv) Open plains. These are usually bare clay, sometimes with a thin cover of sand, and often have a ground cover of annuals after significant rainfall. v) Rock outcrops. These outcrops contain some caves suitable for bats to roost. vi) Open woodland. This is dominated by A. georginae, E. microtheca or acacia scrub (Acacia ligulata, A. murrayana and A. dictyophleba) .
Three main study sites (Main Camp, Field River and Painted Gorge) were surveyed, as well as several minor opportunistic sites, so as to provide adequate data on bat activity in a variety of habitat types. This covered a total area of approximately 3200 km 2 . Four field trips took place during winter and spring 2000.
Habitat use and bat activity
Anabat II detector systems (Titley Electronics, Ballina, NSW) were used to record ultrasonic bat calls. Detectors were set on the ground with the microphone pointing up 45 o from horizontal at dusk and retrieved at dawn. Where possible, each habitat type was surveyed on at least three nights during each field trip. In total, each habitat type was sampled successfully between five and 21 times. Detectors were sited in different locations within a single habitat type each night, so that any spatial bias, for example, due to the presence of a roost site near by, would be minimised. Different habitat types were also surveyed on the same night to reduce the potential for any temporal bias caused by changing weather conditions over different nights. Detectors were positioned away from ecotones to ensure that all bats recorded were within the selected habitat. The habitat types sampled were: dune/swale; dune/swale near coolibah woodland; dry creek line; rock outcrops; acacia scrubland; coolibah woodland; gidgee woodland; temporary water; permanent water; and open plain.
The recorded calls were analysed using the Anabat version 5.7i computer program. Where possible each call was identified to species, using a selection of reference material (including reference calls from this study; R. Williams, pers. comm.; G. Ford, pers. comm.; Reinhold et al. 2001 ). Since it is not possible to identify whether the same bat is being recorded repeatedly with a detector, or whether several individuals are calling, an index of activity was calculated based on the number of bat passes recorded. A bat pass was considered to be a sequence of calls, made by the same species that was separated from a previous call by 5 s. If continuous activity was recorded, a single pass was defined as lasting up to 15 s (Law et al. 1998) . The number of bat passes containing feeding buzzes (de Oliveira 1998) was also counted.
Histograms illustrating the habitat used by each species were examined for trends. For assessment of general activity, calls from all species were pooled. Recordings that finished early due to a high number of bat calls were still used in the analyses, because they resulted in a relatively high number of calls. Recordings were labelled unsuccessful and not used in the analyses if they were affected by an electrical fault or if the tape finished prior to 2400 hours due to insect or wind noise. Due to high heterogeneity in activity between sites, and in monthly activity, we did not test for differences between sites or habitats with the entire data set statistically. However, one factor analyses of variance (ANOVA), followed by Tukey post-hoc tests, were used to assess whether there was differential habitat use by all bat species combined at each site. Means were calculated by averaging the numbers of passes and passes with feeding buzzes across all nights that detectors were placed in each habitat. A histogram of total bat activity at each major site for each survey period was used to indicate trends in spatial variation in activity.
Insect abundance and biomass
Ultra-violet (UV) light traps were used to sample flying insects within each of the ten habitat types. Each habitat type was successfully sampled between one and ten times. A light trap was placed away from any ecotones to ensure that all insects recorded were within the selected habitat. As with the detectors, different habitats were surveyed on the one night and different locations were used to sample the same habitat type. The total biomass and abundance of each sample was calculated. To calculate insect biomass, each sample was dried in an oven at 45°C to a constant weight, placed in a desiccator for 10 min to cool, then weighed on an electronic balance. One factor analyses of variance (ANOVA) were used to test whether there was differential habitat use by insects. Means were calculated by averaging the numbers of insects and biomass collected across all nights that light traps were placed in each habitat.
Bat and insect activity correlated with habitat and weather variables
Wind speed and cloud cover (during the first 1.5 h after dusk), minimum temperature and temperature at dusk were recorded for each survey night. Using the activity data from Anabat recordings, and abundance and biomass data from the insect collections, backwards stepwise multiple regressions were used to identify which environmental and weather variables influenced the dependent variables of bat and insect activity. The weather conditions and environmental factors used as variables were: i) Wind speed. 0 = no wind, 1 = light breeze, 2 = medium breeze, 3 = windy, 4 = very windy. ii) Moonlight. Cloud cover was estimated to the nearest 10%. Moon phase charts were consulted to calculate the proportion of moon visible each night; this was subsequently multiplied by the proportion of clear sky to give a moonlight index. On nights when the moon was not visible in the first 1.5 h after dusk, moonlight was recorded as 0. iii) Minimum temperature and temperature at dusk. iv) Percentage humidity at dusk (taken with a datalogger). v) Rainfall (data obtained from local weather stations within the study area). vi) Distance from water. 0 = water > 3 km, 1 = water between 1 -3 km, 2 = water within 1 km and 3 = at water. vii) Presence of rock outcrops. 0 = no rocks near detector or light trap, 1 = close to rocks and 2 = on rocks. viii) Vegetation was scaled from least to most dense: 0 = open plain; 1 = dune; 2 = swale; 3 = acacia scrub; 4 = dune/swale, rocks and open plain near woodland; 5 = coolibah open woodland; 6 = gidgee woodland; 7 = coolibah/bloodwood creek line without coolibah floodplain; 8 = coolibah floodplain and; 9 = coolibah/bloodwood creek line with coolibah floodplain.
Rainfall was later removed from the regression as the data were highly skewed by many zeroes and a few nights of heavy rain. Bat activity regressions were also computed without humidity, because data for this variable were not collected during the June trip, resulting in all June data being removed from the analysis when humidity was included. Each regression was repeated with temperature at dusk in place of minimum temperature to investigate which measurement may be a better predictor of bat and insect activity.
Correlation of bat and insect activity
Pearson's correlation coefficients were computed to assess whether there was a significant relationship between bat activity and insect activity.
RESULTS
Seven species of insectivorous bats were positively identified across all sites during the study, with a further three species tentatively identified. Due to the poor quality of calls these could not be positively identified (Table 1) . Harp-trapping and cave searches yielded live-captures of five species detected by the Anabat recorders, and the yellow-bellied sheath-tail bat (Saccolaimus flaviventris) was observed with a spotlight.
Of the 4,265 passes recorded 44% were positively identified to species. Bat species utilised different habitats to differing degrees, and some were more widespread in distribution than others. Temporary and/or permanent water were among the preferred habitat types for all species with the exception of Hill's sheath-tail bat (Taphazous hilli) and the inland cave bat (Vespadelus finlaysoni) (Fig.  2) . These two species appeared to prefer flying among the rocks and did not have temporary or permanent water in the vicinity of their cave roosts for most of the study period. The lesser long-eared bat (Nyctophilus geoffroyi), Gould's wattled bat (Chalinolobus gouldii) and white-striped freetail bat (Tadarida australis) exhibited a preference for the dune/swale near coolibah woodland habitat (Figs 2a, b, e) . It is not possible to determine with detectors whether a bat is flying above the canopy or amongst vegetation when the canopy height is low, such as in the study area. It is likely that Sac. flaviventris and Taph. hilli were flying above the canopy, despite being recorded often in dry creek line habitat. N. geoffroyi was the most versatile species, being recorded in all habitat types (Fig. 2a) , albeit usually in low numbers.
Habitat use and bat activity
A total of 142 detector nights were completed of which 119 were successful. Unsuccessful sample nights were due to equipment failure and insect interference. Bat activity varied greatly between nights even at the same site in the same habitat category. Overall very little bat activity occurred in open plain, dune/swale, acacia scrub and gidgee woodland habitats (Fig. 3a) . Activity in all other habitats was extremely variable, with the highest average number of passes around temporary water, followed closely by permanent water, rock outcrops and dune/swale near coolibah woodland (Fig. 3a) . The rocky habitat yielded the highest average number of passes with feeding buzzes (Fig. 3b) .
At Field River, bats were significantly more active over temporary water than in coolibah woodland, dry creek line and dune/swale habitat and were significantly more active in dune/swale near coolibah woodland than dune/swale habitat (F = 6.861, df = 4, 43, p < 0.001) (Fig. 4a ). There were more passes with feeding buzzes at temporary water than in coolibah woodland and dune/swale habitat (F = 3.402, df = 4, 43, p = 0.017) (Fig. 4b) . At Painted Gorge there were more passes in the dry creek line and around the rocks than in the gidgee woodland or open plain habitats (F = 13.878, df = 3, 23, p < 0.001) (Fig. 4c) . However there was no significant difference in feeding buzzes (F = 1.620, df = 3, 23, p = 0.212) (Fig. 4d) . At Main Camp, bats were more active over permanent water than in acacia scrub, dune/swale and gidgee woodland habitat (number of passes F = 8.528, df = 5, 25, p < 0.001) (number of passes with feeding buzzes F = 3.931, df = 5, 25, p = 0.009) (Figs 4e, 4f ). There was much variation in activity within each site over time (Fig. 5) . Bat activity was generally higher at Field River and Painted Gorge, than Main Camp. It is also evident that bats were active during winter, but at a much lower level in June, the coldest survey period (Fig. 5) .
Method of identification
Insect abundance and biomass
Fifty-eight light trap nights were completed of which 54 were successful. As with bat activity, insect activity varied greatly between nights even at the one site in the same habitat. There were no significant differences in insect abundance (F = 0.684, df = 9, 43, p = 0.719) or biomass (F = 0.736, df = 9, 43, p = 0.674) between habitat types. When comparing habitats within site and month there were still no significant differences (Williams 2001 ).
Bat and insect activity correlated with habitat and weather variables
The presence of rocks, distance from water and vegetation density all influenced the number of bat passes ( Table 2 ). The number of passes increased as vegetation became denser and proximity to water and rocks increased. Vegetation became non-significant when humidity was removed and therefore June data added to the regression (Table 2 ). There was little difference in the regression equation for this dependent variable whether minimum temperature or temperature at dusk was used. Wind and the distance from water also explained some variation in the number of bat passes with feeding buzzes (Table 2) . The occurrence of feeding buzzes increased near water and decreased as wind levels increased ( Table  2 ). The regression equation for this dependent variable remained the same whether humidity was included or not and when minimum temperature or temperature at dusk were used. Despite the significant regression equations, the R 2 values were relatively low, therefore suggesting that other variables not measured here are likely to affect the activity of bats. The abundance and biomass of insects appeared to be predominantly related to wind and minimum temperature / temperature at dusk (Table 2) . Stronger wind lowered insect abundance and biomass, and a higher minimum temperature / temperature at dusk increased the abundance and biomass of insects.
Correlation between bat and insect activity
There was a significant relationship between the number of bat passes and both the abundance and biomass of insects (r = 0.370, df = 43, p < 0.02 ; r = 0.351, df = 43, p < 0.02 respectively).
DISCUSSION
Bat activity appeared to be concentrated around oases providing permanent or temporary water and roosts sites in the Simpson Desert. This result is strengthened by the fact that even the species apparently adapted to open areas remained close to (14) Acacia (5) Gidgee (12) Coolibah ( 
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Dune/swale (4) Gidgee (1) Coolibah (14) Dry creek line (14) Dune/swale near woodland ( the oases. Furthermore, the year 2000 was extremely productive, with a greater than average annual rainfall, and the bats predominantly still used the oasis habitats. Coles (1993) also found that bats in the arid Uluru National Park used oasis habitats. Free-standing water clearly results in a focus of bat activity, but the reason for this is not yet known.
From the results presented in this paper, it is reasonable to suggest that in arid areas peak bat activity will usually occur at a permanent water source in an area with high roosting potential.
Overall, bats predominantly used water sources, rocks, dune/swale near woodland, dry creek lines and coolibah woodland. The open habitats (open plain and dune/swale), along with acacia scrub and gidgee woodland, were rarely used by bats. These results concur with those obtained in studies in the semi-arid zone. Woodland habitats, particularly riverine and water sources, were the preferred habitat of bats in semi-arid Victoria (Lumsden and Bennett 1995) . Riparian vegetation and water were also the favoured habitats of bats in semi-arid Queensland (Young and Ford 2000) .
Bat activity was greater at Painted Gorge and Field River than at Main Camp. The differences in activity levels between sites are likely to be a direct result of the composition of habitat types within each site. This conclusion was verified by the results from the multiple regression, where bat activity was best predicted by the presence of rocks, proximity to water and density of vegetation, also suggesting that habitat variables significantly impact on activity. At Main Camp permanent water was the focus of bat activity, with gidgee woodland, acacia scrub, dune/swale and open plain used very rarely. At Painted Gorge, the rocks and dry creek line were more commonly used than the open plain and gidgee woodland. Temporary water was the most heavily utilised habitat by bats at Field River, with the dune/swale habitat used least. However, temporary water at Field River was associated with dry creek line habitat, which runs through coolibah woodland floodplain. Unfortunately, the bore at Field River had to be sampled on several occasions, as it was the only available location to create a temporary water source. This particular site may have other qualities such as roost sites, besides temporary water, that attract high numbers of bats. Perhaps it is the combination of these habitats and habitat components at Field River that resulted in high bat activity.
Although bat and insect activity were correlated, it does not appear that total flying insect abundance and biomass determined habitat use by bats; this was more likely a result of the common influence of temperature and wind. The temperature variables were expected to have been more significant for predicting bat activity. Many studies have shown that bat activity is positively correlated with minimum temperature (e.g., O'Farrell and Bradley 1970; Walsh and Harris 1996; Hayes 1997) . However, since some habitats recorded very few bat passes, this may have masked the effect of temperature. Consistent with previous studies (O 'Farrell and Bradley 1970; Fenton and Morris 1976; Richards 1989; Speakman et al. 2000) , insect activity also increased with a rise in temperature, resulting in a relationship between bat activity and insect biomass and abundance.
Bat activity varied greatly between nights even at the same site. This appeared to be due predominantly to the incidence of thunderstorms around dusk, which suppressed bat activity. Bat trapping results also strongly suggested that wind had a dramatic effect on the behaviour of bats. Insect activity also decreased with an increase of wind.
There was a significant difference in habitat use by bats, but not insects, so that insect biomass or abundance did not appear to determine habitat use by bats. In fact, acacia scrubland recorded some of the highest insect activity, with dune/swale near woodland recording the lowest insect activity. Furthermore, no habitat variables (vegetation density, rocks and presence of water) were significant in the multiple regressions on insect abundance and biomass. Perhaps the above-average rainfall during 2000 supplied the bats with an overabundant food resource in all habitats and any preference for areas with high insect activity could not be detected. Alternatively, the composition of insect types may be a more accurate predictor of bat activity, or individual bat species may respond differentially to different insect groups.
Findley (1993) suggested that suitable roost sites are often limiting resources that govern a species' distribution. This appears to apply in the study area. A roosting potential assessment in the study area (Williams 2001) , illustrated that Field River coolibah woodland, had a greater tree density, number of hollows and dead trees than coolibah woodland at Painted Gorge and Main Camp, and hence may supply greater roosting opportunities. This area also illustrated peak activity for tree-dwelling species. Similarly, Taph. hilli and V. finlaysoni were recorded only at Painted Gorge, which was the only site with caves for roosting. Limiting resources, particularly roost sites, may also determine population sizes. For example, high recapture rates for V. finlaysoni and N. geoffroyi at Painted Gorge suggested that only small populations were present during the survey period (Williams 2001 ).
The greatest number of feeding buzzes was recorded over water. This may lead to the conclusion that bats are highly active over water because they are foraging on congregating insects. However, the insect abundance and biomass data did not indicate this congregation of insects. Again, the composition of samples may have been a more relevant indicator. Therefore, further study is required to determine the reason for the concentration of bat activity over water. What the present study does confirm, is that bats do survive in the Simpson Desert without access to permanent water. Both Painted Gorge and Field River, which had a higher level of bat activity than Main Camp, do not have permanent water within at least 10 km. Although capable of travelling long distances, several Australian michrochiropterans have average foraging distances less than 10 km (Lunney et al. 1985; Hosken 1996; Lumsden and Bennett 1996; Kirsten and Klomp 1998) .
The preliminary results from a bat study in semiarid NSW indicated that insect abundance and bat activity were higher at water and that drinking was observed more often in summer than spring (Solly 2002) . Bat activity was also found to be concentrated around water (artificial watering points) at the arid Sturt National Park in far western NSW (Velez 2002) . However, our study did not illustrate such a strong preference for watering points. This study incorporated a wide range of habitats over a relatively large area, thus bringing more variables into the equation, such as areas of greater roosting potential. For instance, when Main Camp data are considered individually, the importance of water points becomes more evident.
Bats were active in winter, although at a low level, suggesting that bats do not hibernate in the desert, but rather that individuals may go through periods of torpor. This had previously been suggested by Brigham and Geiser (1998) for N. geoffroyi in the Armidale area, NSW. Here they entered torpor for a part of each day in summer and for up to 2 weeks in winter (Geiser 2004) .
